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1.0 INTRODUCTION 

The accurate calculation of the aerodynamic behavior, surface 
heating, pressure and friction forces, etc., of wind tunnel models and 
flight vehicles requires the use of sophisticated methods which are 
almost inevitably embodied in digital computer codes. The calculation 
of the flow over an aerodynamic body is usually divided into the calcu- 
lation of an inviscid flow field and the calculation of a viscous flow field, 

or boundary layer, over the body. 

For the cases of supersonic and hypersonic flow which are of 
interest in this work, effective methods have been developed for solving 
the governing equations for both inviscid and viscous flow for two- 
dimensional and axisymmetric flows (e. g., Refs. 1 and 2). This is 
especially true for laminar flows, although numerous schemes have 
also been developed for turbulent boundary layers. For those situations 
in which the boundary layer is sufficiently thick to influence the external 
inviscid flow, iterative methods have been developed which couple the 
inviscid and viscous flow calculations through an effective-body concept, 
as in Ref. 3. A more rigorous treatment of this interaction problem, 
and of the entropy-layer swallowing problem discussed in Ref. 4, is 
inherent in the viscous shock layer methods, typified by Ref. 5, which 
treat the entire region between the body and bow shock by solving one 
set of equations which are valid in both the viscous and inviscid regions. 

For the case of more complex flow, in particular the case of flow 
over an axisymmetric body at incidence to a supersonic or hypersonic 
stream, the calculation methods essentially parallel those for the two- 
dimensional and axisymmetric flow situations, although the complexity 
of the methods is increased considerably for this three-dimensional 
flow problem. Calculation methods for inviscid and viscous flows over 
axisymmetric bodies at incidence are described in Refs. 6 and 7, for 
example, and Ref. 8 describes a viscous shock layer method which has 

been developed to treat the complete viscous and inviscid flow over a 
right circular cone at incidence to a supersonic or hypersonic free 
stream. This last method has been used by Adams and Griffith (Ref. 9) 
to study the static stability characteristics of a sharp cone at angle of 
attack under hypersonic flow conditions. They show that, even under 
laminar flow conditions, the viscous shock layer treatment (as opposed 
to a coupled inviscid/boundary-layer scheme) is necessary to provide 
accurate, or even qualitatively correct, results for this problem. 
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G e n e r a l l y  speak ing ,  the m e t h o d s  for  t h r e e - d i m e n s i o n a l  f lows d i s -  
c u s s e d  in the  p r e v i o u s  p a r a g r a p h  a r e  not n e a r l y  as wel l  d e v e l o p e d  or  as 
wide ly  appl ied  as the  c o r r e s p o n d i n g  m e t h o d s  fo r  t w o - d i m e n s i o n a l  and 
a x i s y m m e t r i c  f lows.  This  r e p o r t  p r e s e n t s  a t e c h n i q u e  which has b e e n  
d e v e l o p e d  for  the app l i ca t ion  of the v i s c o u s  shock l a y e r  m e t h o d  of Ref. 
8 to the ca l cu l a t i on  of the l a m i n a r  shock  l a y e r  on a blunt  b i con ic  body 
at i n c i d e n c e  to s u p e r s o n i c  and h y p e r s o n i c  flow. A c o m p a n i o n  e x p e r i -  
m e n t a l  p r o g r a m  has a l so  been  u n d e r t a k e n ,  and data  f r o m  those  e x p e r i -  
m e n t s  and o the r  s o u r c e s  a re  c o m p a r e d  with r e s u l t s  f r o m  the p r e s e n t  
i n v e s t i g a t i o n  to va l i da t e  the a p p r o a c h  taken.  

2.0 THEORETICAL METHODS 

The v i scous  shock l a y e r  m e t h o d  d e v e l o p e d  by Luba rd  and He l l iwe l l  
(Ref. 8), h e r e i n a f t e r  r e f e r r e d  to as the  H y p e r s o n i c  Vi scous  Shock L a y e r  
(HVSL) code,  is app l i cab le  only to flow o v e r  f r u s t u m s  of r i gh t  c i r c u l a r  
cones .  In o r d e r  to compute  the flow o v e r  a blunt  b i con ic  body, it was 
n e c e s s a r y  to d e v e l o p  a m e t h o d  to t r e a t  the  nose  cap shock l a y e r ,  t r a n s -  
f o r m  the  r e s u l t s  into a f o r m  to begin  the f o r e - c o n e  shock  l a y e r  so lu t ion ,  
and then  to take  data  f r o m  the  end of the f o r e - c o n e  shock  l a y e r  so lu t ion  
and t r a n s f o r m  it into a f o r m  to beg in  the a f t - c o n e  shock l a y e r  so lu t ion .  
This  p r o c e d u r e  is i nd i ca t ed  s c h e m a t i c a l l y  in Fig.  1. The  fo l lowing  
s e c t i o n s  g ive  a b r i e f  d e s c r i p t i o n  of the  HVSL code and the  m e t h o d s  
d e v e l o p e d  to use  in ca l cu l a t ing  the l a m i n a r  shock  l a y e r  o v e r  a s p h e r i -  
ca l ly  b lunted  b icon ic  body. 

2.1 HYPERSONIC VISCOUS SHOCK LAYER 

Probab ly  the bes t  m e t h o d  c u r r e n t l y  ava i l ab l e  for  t r e a t i n g  s u p e r -  
son i c  and h y p e r s o n i c  flow ove r  cone f r u s t u m s  at angle  of a t tack  is the 
t h r e e - d i m e n s i o n a l  v i s c o u s  shock  l a y e r  a p p r o a c h  of Ref.  8. An app rox -  
i m a t e  s y s t e m  of g o v e r n i n g  equa t ions  is ob ta ined  by a s s u m i n g  that  the 
v i s c o u s ,  s t r e a m w i s e  d e r i v a t i v e  t e r m s  a r e  s m a l l  c o m p a r e d  with the  
v i s c o u s  n o r m a l  and c i r c u m f e r e n t i a l  d e r i v a t i v e s .  The  r e s u l t i n g  equa-' 
t ions  a r e  va l id  in both the  i nv i s c id  and v i s c o u s  r e g i o n s  inc lud ing  any 
c i r c u m f e r e n t i a l  s e p a r a t i o n  zone which may  deve lop  on the  l e e w a r d  s ide  
at h i g h e r  ang les  of a t tack ( g r e a t e r  than a p p r o x i m a t e l y  the  cone s e m i -  
v e r t e x  angle) .  S ince  th is  se t  of g o v e r n i n g  pa r t i a l  d i f f e r e n t i a l  equa t ions  
is p a r a b o l i c  in the s t r e a m w i s e  d i r e c t i o n ,  a m a r c h i n g - t y p e  n u m e r i c a l  
so lu t ion  t e c h n i q u e  is used .  An i m p l i c i t  f i n i t e - d i f f e r e n c e  t r e a t m e n t  is 
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app l i ed  to the  n o r m a l  d e r i v a t i v e s  in con junc t ion  with N e w t o n ' s  m e t h o d  
of i t e r a t i o n  for  so lu t ion  of the  n o n l i n e a r  a l g e b r a i c  equa t ions  which  
r e s u l t  f r o m  d i f f e r e n c i n g  of the  c i r c u m f e r e n t i a l  d e r i v a t i v e s .  The 
equa t ions  a r e  s o l v e d  b e t w e e n  the  body s u r f a c e  and the  bow shock;  
bounda ry  cond i t ions  at the shock  and its r e s u l t i n g  shape  a r e  c a l c u l a t e d  
by us ing  the  R a n k i n e - H u g o n i o t  s h o c k - c r o s s i n g  r e l a t i o n s  and a o n e - s i d e d  
d i f f e r e n c i n g  of the  cont inu i ty  equa t ion .  A t h e r m a l l y  and c a l o r i c a l l y  
p e r f e c t  a i r  m o d e l  is u sed  having  a cons tan t  s p e c i f i c  hea t  r a t i o  3' = 1.40 
in con junc t ion  with the Su the r l and  v i s c o s i t y  law and a cons t an t  l a m i n a r  
P r a n d t l  n u m b e r  of 0 .71 .  The  ac tua l  d ig i ta l  c o m p u t e r  code is d o c u m e n -  
t ed  in the  r e p o r t  by H e l l i w e l l  and Luba rd  (Ref. 10). 

It is i m p o r t a n t  to note  and a p p r e c i a t e  that  the  h y p e r s o n i c  v i s c o u s  
shock  l a y e r  a p p r o a c h  t r e a t s  both the i n v i s c i d  and v i s c o u s  r e g i o n s  of 
the  flow f ie ld  with one c o m p o s i t e  se t  of equa t ions .  Hence ,  c o m p l i c a t e d  
i n v i s c i d - v i s c o u s  i n t e r a c t i o n s  which  o c c u r  u n d e r  h y p e r s o n i c  flow con-  
d i t ions  a re  a u t o m a t i c a l l y  inc luded  in the  ana ly s i s ;  the need  for  exp l i c i t  
t r e a t m e n t  of h i g h e r - o r d e r  b o u n d a r y - l a y e r  e f fec t s  such  as d i s p l a c e m e n t -  
i nduced  p r e s s u r e  which  r e q u i r e  t ed ious  m a t c h i n g  of s e p a r a t e  i n v i s c i d  
and b o u n d a r y - l a y e r  so lu t ions  is e l i m i n a t e d .  

2.2 SPHERICAL NOSE CAP SHOCK LAYER 

The m e t h o d  d e v i s e d  to compu te  the  shock  l a y e r  flow o v e r  the  
spherical nose cap is based on the assumption that the flow there is 
axisymmetric in a wind-axis coordinate system. In a calculation of the 
inviscid flow over the body, this is equivalent to requiring that the flow 
over the nose cap become supersonic before the sphere-cone tangency 
is reached, and this condition was also required for all of the calcu- 
lations made in this study. 

The shock layer method used to obtain the flow field over the 
hemispherical nose cap was based on the method of Ref. ii for computing 
boundary-layer flows, including normal pressure gradient and longitu- 
dins/ curvature effects. A basically pragmatic approach was followed 
in which the continuity equation, x-momentum equation, and total 
enths/py form of the energy equation as given below were solved using 
a normalized yon Mises coordinate system and a marching implicit 
finite difference solution method (see Ref. Ii for details of solution 
method) .  

7 
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C o n t i n u i t y  E q u a t i o n :  

OfOx(pur) + 0lOy[(1 + Ky)pvr] = 0 

x - M o m e n t u m  E q u a t i o n :  

(1) 

pu(au/ax) + pv(l + Ky)#u/Oy + puvK = 

(2) 
- ap/ax + l l r a l a y  ~r(1 + Ky)0u/0y] - Ku0~u/0y 

E n e r g y  E q u a t i o n :  

pu (OHlOx) + pv(1 + Ky)OH!ay = 

Oy (3) 

- [~e r - 0 (u212)_] 1 0 tzr(1 + Ky) OH P 1 /zr(1 + Ky) ~ -j 
+ r~y r ~'y + Pr 

T h e s e  e q u a t i o n s  w e r e  s o l v e d  to ob ta in  v, u, and H. .Because  of 
d i f f i c u l t i e s  e n c o u n t e r e d  by o t h e r  i n v e s t i g a t o r s  and in p r e l i m i n a r y  work  
in th is  s tudy  in i nc lud ing  the  n o r m a l  m o m e n t u m  equa t ion  and so lv ing  
the e n t i r e  h e m i s p h e r e  shock  l a y e r  for  o t h e r  t han  v e r y  low R e y n o l d s  
n u m b e r  f lows ,  the  p r e s s u r e  f i e ld  was  t a k e n  f r o m  a s o l u t i o n  of the  
i n v i s c i d  f low equa t i ons  ob ta ined  us ing  the m e t h o d  of A u n g i e r  (Ref. 12). 
The  i n v i s c i d  s o l u t i o n  was  a l so  u s e d  to ob ta in  the  v a r i a t i o n  wi th  x of the  
s t r e a m  func t ion  va lue  at the  o u t e r  edge  of the  shock  l a y e r ,  and the  
shock  wave  s h a p e  fo r  the  p u r p o s e  of ob ta in ing  t h r o u g h  the  R a n k i n e -  
Hugoniot  r e l a t i o n s  the  o u t e r  (shock)  b o u n d a r y  cond i t i ons  on u. The  
s u r f a c e  b o u n d a r y  cond i t i ons  r e q u i r e d  w e r e  H s p e c i f i e d  at the  s u r f a c e  
and u = v = 0 at the  s u r f a c e .  T h e  v a l u e  of H at the  shock  was  the  f r e e -  
s t r e a m  va lue .  T h e  va lue  of the shock  l a y e r  t h i c k n e s s  d e t e r m i n e d  by 
the  s o l u t i o n  of Eqs .  (1), (2), and (3) in yon  M i s e s  c o o r d i n a t e s  was  not 
g e n e r a l l y  the  s a m e  as  tha t  ob t a ined  in the  i n v i s c i d  s o l u t i o n  f r o m  the  
m e t h o d  of Ref.  12, and f o r  tha t  r e a s o n  the p r e s s u r e  f i e ld  da ta  w e r e  
u s e d  in t e r m s  of Y/Ysh, w h e r e  th is  c o o r d i n a t e  v a r i e d  f r o m  0 at the 
s u r f a c e  to 1.0 at the  shock  in both c a s e s .  

F i g u r e  2 i n d i c a t e s  the  m e t h o d  u s e d  to ob ta in  the  in i t i a l  s t a r t i n g  
da t a  fo r  the  HVSL code at the s p h e r e - c o n e  t a n g e n c y  l o c a t i o n .  An 
a x i s y m m e t r i c  f low so lu t ion ,  ob ta ined  by the  m e t h o d s  j u s t  d i s c u s s e d ,  
was  found fo r  the  m e r i d i a n  0 - i .  S t a r t i n g  da t a  for  the  HVSL code  is 
c o m p o s e d  of f l o w - f i e l d  da t a  on s u r f a c e  n o r m a l s  at  a s e r i e s  of l o c a t i o n s  
a r o u n d  the s p h e r e - c o n e  t a n g e n c y  1-2. A t y p i c a l  l o c a t i o n  is "b" w h e r e ,  
b e c a u s e  of the  a x i s y m m e t r i c  n a t u r e  of the  flow on the  nose ,  the  f low is  
i d e n t i c a l  to tha t  at "a.  " In o r d e r  to u s e  the  s o l u t i o n  f r o m  "a"  at  "b" ,  
it is  n e c e s s a r y  to p r o p e r l y  n o n d i m e n s i o n a l i z e  the  v a r i a b l e s  and t r a n s -  

8 
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form the velocity data from a wind-axis coordinate form to a body-axis 

coordinate form. 

In Ref. 13, sphere-cone tangency starting data for the HVSL code 
were determined by obtaining separate inviscid and boundary-layer 
solutions over the nose cap and merely adding the inviscid profiles to 
the boundary-layer profiles. Entropy layer swallowing by the boundary 
layer was neglected, and questionable behavior of the normal slopes of 
the flow field variables at the boundary-layer edge also occurred. The 
present method of treating this problem is felt to be superior to that 
of Ref. 13, although much room for improvement still remains, espe- 
cially for any other than high Reynolds number cases. 

2.3 AFT-CONE STARTING DATA 

The HVSL code is used to obtain the flow field along body normals 
over the fore cone at a series of x locations along the body, treating a 
series of ¢ locations (measured around the body from the windward 
side) at each station along the body. The fore-cone solution is extended 
beyond the end of the actual fore cone to give sufficient data that aft- 
cone surface normal interpolations can be carried from the body to the 
bow shock. This procedure, shown in Fig. 3, is carried out at each 

location to yield a set of starting data for the HVSL solution over the 
aft cone. 'Also, at this point the velocity components must be trans- 
formed from fore-cone surface coordinates to aft-cone surface coordi- 

nates. 

3.0 RESULTS OF CALCULATIONS 

In this section, results from calculations made using the present 
method are compared with results from boundary-layer and inviscid 
flow calculations and with experimental data. The method used to 
treat the nose region is examined by comparing flow-field data with 
results from an inviscid flow calculation method, and by comparing 
surface heating data with boundary-layer results and experimental data. 
The shock layer method used for the biconic afterbody is validated by 
comparing results from the present method with experimental data, and 
viscous influences on surface pressure dataare examined by making 
comparisons with results of inviscid flow calculations. 
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All of the  c a l c u l a t i o n s  ( i nv i sc id  and v i scous}  m a d e  in th is  i n v e s t i -  
ga t i on  t r e a t e d  the  gas  as t h e r m a l l y  and c a l o r i c a l l y  p e r f e c t  a i r  and w e r e  
p e r f o r m e d  on an IBM 370/165  d ig i t a l  c o m p u t e r .  

3.1 HEMISPHERE SHOCK LAYER FLOW FIELD 

F i g u r e s  4 and 5 c o m p a r e  f l o w - f i e l d  r e s u l t s  fo r  a 1- in .  - r a d i u s  
h e m i s p h e r e  in a Mach 10 flow ob ta ined  us ing  the  m e t h o d  d e s c r i b e d  in 
S e c t i o n  2 .2  with  i n v i s c i d  flow r e s u l t s  ob ta ined  us ing  the m e t h o d  of Ref .  
12. The  wal l  t e m p e r a t u r e  was  540°R, the  f r e e - s t r e a m  R e y n o l d s  n u m -  
b e r  (based  on nose  rad ius}  was 3 .75  x 105 , and the  f r e e - s t r e a m  to ta l  
t e m p e r a t u r e  was  2 ,050°R.  

F i g u r e  4 c o m p a r e s  f l o w - f i e l d  p r o f i l e s  f r o m  the  n o s e  r e g i o n  v i s c o u s  
s h o c k  l a y e r  c a l c u l a t i o n s  with  i n v i s c i d  flow c a l c u l a t i o n  r e s u l t s .  T h e s e  
r e s u l t s  a r e  fo r  the  90 -deg  l o c a t i o n  on the  h e m i s p h e r e ,  wi th  r e s p e c t  to 
the  s t a g n a t i o n  l o c a t i o n .  As can be s e e n  in the  u v e l o c i t y  p r o f i l e ,  the  
r e g i o n  of v i s c o u s  i n f l u e n c e  (bounda ry  l aye r}  o c c u p i e s  l e s s  than  t en  
p e r c e n t  of the  shock  l a y e r  t h i c k n e s s  fo r  th i s  c a s e .  Ou t s ide  the  r e g i o n  
of v i s c o u s  i n f l u e n c e ,  t h e r e  is r e a s o n a b l y  good a g r e e m e n t  b e t w e e n  the  
two s e t s  of r e s u l t s  fo r  the  d e n s i t y ,  n o r m a l  v e l o c i t y ,  and t a n g e n t i a l  
v e l o c i t y ,  a l t hough  the  c o m p u t e d  t h i c k n e s s  of the v i s c o u s  shock  l a y e r  is 
a p p r o x i m a t e l y  f ive  p e r c e n t  l e s s  than  the t h i c k n e s s  of the  i n v i s c i d  f low 
f ie ld .  

F i g u r e  5 shows  the i n v i s c i d  flow shock  and the  c o m p u t e d  edge  of 
the v i s c o u s  shock  l a y e r  o v e r  the  s u r f a c e  of the h e m i s p h e r e ,  f r o m  the  
s t a g n a t i o n  point  to the  90 -deg  l o c a t i o n .  E x c e p t  fo r  an e x c u r s i o n  in 
the  v i s c o u s  shock  l a y e r  t h i c k n e s s  n e a r  the s t a g n a t i o n  point ,  the  two 
t h i c k n e s s e s  a g r e e  wel l  o v e r  the e n t i r e  h e m i s p h e r e .  The  r e a s o n  fo r  
the e x c u r s i o n  is not u n d e r s t o o d ;  h o w e v e r ,  s i n c e  the  r e g i o n  of the  v i s c o u s  
shock  l a y e r  u s e d  in p r o v i d i n g  in i t i a l  da ta  fo r  the  HVSL code does  not 

"begin unt i l  about  50 deg  a round  the h e m i s p h e r e  ( z / r  n = 0. 357}, the  
e x c u r s i o n l s  e f fec t  on the  in i t i a l  da ta  is fe l t  to be s m a l l .  

3.2 HEMISPHERE CYLINDER SURFACE HEATING 

F i g u r e  6 shows  the  s u r f a c e  hea t i ng  r a t e  d i s t r i b u t i o n  (in S tan ton  
n u m b e r  form} o v e r  a 2 . 9 0 - i n . - r a d i u s  h e m i s p h e r e  c y l i n d e r  at z e r o  ang le  
of a t t ack  in a Mach  8 f low. V i s c o u s  shock  l a y e r  r e s u l t s  ob t a ined  u s i n g  
the p r e s e n t  m e t h o d ,  b o u n d a r y - l a y e r  r e s u l t s  ob ta ined  us ing  the  m e t h o d  
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of Ref.  2, and e x p e r i m e n t a l  da ta  t a k e n  in the AEDC von K £ r m ~ n  Gas 
D y n a m i c s  F a c i l i t y  (VKF) H y p e r s o n i c  Wind Tunne l  (B) a r e  p r e s e n t e d .  
The  f r e e - s t r e a m  R e y n o l d s  n u m b e r ,  b a s e d  on the nose  r a d i u s ,  was 
8 .55  x 105 , the f r e e - s t r e a m  to ta l  t e m p e r a t u r e  was 1 ,335°R,  and the 
wal l  t e m p e r a t u r e  was a p p r o x i m a t e l y  540°R. The  a g r e e m e n t  among  the  
da ta  f r o m  the t h r e e  s o u r c e s  is qui te  r e a s o n a b l e  on both the  h e m i s p h e r e  
and the c y l i n d e r  p o r t i o n s  of the body. 

The comparisons shown in Figs. 4 through 6 show that the present 
treatment of the nose region shock layer is generally valid, and the 
cylinder section results in Fig. 6 indicate that the HVSL results 
obtained using the nose region final data as starting data are reasonable. 
The following two sections present more detailed results from HVSL 
code for a sphere cone and blunt biconics at incidence to hypersonic free 

streams. 

3.3 HEATING DATA ON BLUNT BICONIC AT INCIDENCE 

Figure 7 shows a comparison of the heat-transfer distribution 
measured (Ref. 14} on a 15. l-deg/ll.3-deg blunt biconic at 5-deg 
incidence to a Mach i0.23 free stream with that computed by the 
present methods. The model nose radius was 0.24 in., the free-stream 
Reynolds number (based on nose radius) was 29,400, the free-stream 
total temperature was i, 825°R, and a wall temperature of 540°R was 
used. The data are presented as the ratio of the local heat-transfer 
coefficient to a reference heat-transfer coefficient, where the reference 
value h o is 0.0313 Btu/(ft 2-sec-°R). The adiabatic wall temperature 
needed to form the heat-transfer coefficient was computed using a 
recovery factor of 0.84 and edge conditions determined by assuming the 
air to have expanded from normal shock conditions to a pressure defined 
by the tangent-cone approximations. 

Figure 7a shows circumferential heat-transfer distributions at 
two locations on the fore cone and two locations on the second conical 
frustum. Figure 7b shows longitudinal distributions along the windward 
and leeward sides and along the ~ = 90-deg line midway between the 
windward and leeward sides. Except for some discrepancy on the 
windward side near the front of the body, the measured and computed 
heating agree quite well in both the circumferential and longitudinal 

comparisons. 

II 
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3.4 PRESSURE DATA ON SPHERE CONE AT INCIDENCE 

Figures 8 through 10 show surface pressure and pitot pressure 
profile data on a 4-deg sphere cone at 3-deg incidence to a Mach 9.8 
free stream. The experimental data shown in these figures were 
obtained in the AEDC/VKF Hypersonic Wind Tunnel (C) as part of the 
investigation reported in Ref. 15. The model nose radius was 0. 281 
in., and the base radius was 1.25 in. The free-stream Reynolds 
number (based on nose radius) was 9,200, the free-stream total 
temperature was l, 893°R, and the model surface temperature was 
i ,  075°R. 

Figure 8 compares the present HVSL surface pressure results 
with experimental data and with results from the inviscid calculation 
method of Ref. 16. This figure shows a significant viscous influence 
on the surface pressure level, especially on the lee side where the 
experimental data and HVSL results are some 30 percent above the 
computed inviscid level. 

F i g u r e  9 c o m p a r e s  c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  of the  s u r f a c e  
p r e s s u r e  computed  by the p r e s e n t  m e t h o d  with  the  m e a s u r e d  va lue s .  
The  d i s c r e p a n c y  be tween  the two s e t s  of da ta  at the  tap 1 l oca t i on ,  
which  is  n e a r  the s p h e r e - c o n e  t a n g e n c y ,  m a y  be caused  by i n a d e q u a c i e s  
in the  nose  s t a r t i n g  so lu t i on  at th i s  r e l a t i v e l y  low R e y n o l d s  n u m b e r  
cond i t ion  s i n c e  the  m e t h o d  used  in th i s  s tudy  does  not c o n s i d e r  v i s c o u s  
e f f ec t s  on the nose  cap p r e s s u r e  d i s t r i b u t i o n .  At the  t h r e e  l o c a t i o n s  
f a r t h e r  down the body,  t h e r e  is  good a g r e e m e n t  be tween  the  m e a s u r e d  
and computed  p r e s s u r e  l e v e l s  a round  the body,  i nd i ca t i ng  tha t  the  
HVSL method  has  p r o p e r l y  t r e a t e d  the  v i s c o u s  i n f l u e n c e s  on the  
p r e s s u r e  l e v e l .  

F i g u r e  10 c o m p a r e s  i m p a c t  p r e s s u r e  p r o f i l e  da ta  computed  us ing  
the HVSL me thod  with  e x p e r i m e n t a l  data .  The da ta  a r e  fo r  a l o c a t i o n  
in the  l e e - s i d e  s y m m e t r y  p lane  n e a r  the b a s e  of the  mode l ,  and t h e r e  
is  qui te  good a g r e e m e n t  be tween  the c a l c u l a t i o n s  and the  m e a s u r e m e n t s .  
The  shock  l o c a t i o n  and the edge of the  v i s c o u s  l a y e r  shown in Fig.  I0 
w e r e  d e t e r m i n e d  f r o m  HVSL c a l c u l a t i o n s .  The  shock  l o c a t i o n  is  a 
d i r e c t  r e s u l t  of the  c a l c u l a t i o n s ,  and the edge  of the  v i s c o u s  l a y e r  was 
d e t e r m i n e d  by e x a m i n i n g  the to ta l  en tha lpy  p ro f i l e .  The  edge of the  
v i s c o u s  l a y e r  was def ined  to be the point  w h e r e  the  to ta l  en tha lpy  
e s s e n t i a l l y  r e a c h e d  the f r e e - s t r e a m  va lue ,  e x a m i n i n g  the p r o f i l e  f r o m  
the  wall  ou tward .  
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3.5 PRESSURE DATA ON BLUNT BICONIC AT INCIDENCE 

Figures ii through 13 show surface pressure and pitot pressure 
profile data on a 9.33/5.00-deg spherically blunted biconic at 2-deg 
incidence in a Mach i0. 1 free stream. The experimental data shown 
in these figures were obtained in the AEDC/VKF Tunnel C. Descrip- 
tions.of the wind tunnel, the instrumentation, and the test procedures 
are as given in Ref. 15. The model (sketched in Fig. ii) had a nose 
radius of 0.23 in. and a base radius of i. 50 in. The radius of the 
model at the junction of the two conical frustums was 0. 755 in. The 
free-stream Reynolds number (based on the nose radius) was 35,000, 
the free-stream total temperature was i, 900°R, and the model surface 
temperature was approximately I, 340°R. 

Figure II compares wind- and lee-side surface pressure data 
computed by the HVSL method with inviscid calculation results and with 
experimental data. Significant viscous effects are indicated by com- 
paring the inviscid data with the HVSL results or the experimental data, 
especially on the lee side of the model. While the inviscid results are 
consistently below the experimental data, the present HVSL results 
agree quite well with the experimental data except for the point imme- 
diately past the cone-cone junction on the wind side. The HVSL results 
are also somewhat under the measurements at the first measuring 
station on the fore cone. In addition to shortcomings previously attrib- 
uted to the method used for the spherical nose cap solution, the HVSL 
results are for a constant wall temperature model, and the fact that the 
actual model was hotter on the nose could have caused the measured 
pressures to be higher than computed in the nose region. 

Figure 12 compares circumferential distributions of the surface 
pressure data as computed by the HVSL method with the experimental 
data. Data are compared at a location prior to the cone-cone junction 
(tap 3), at a location immediately downstream of the junction (tap 4), 
and at a location far down on the aft cone (tap 8). Excellent agreement 
is exhibited between the theoretical and measured data at the tap 3 and 
tap 8 locations. At the tap 4 location, just past the cone-cone junction, 
the computed pressure level is considerably less than the measured 
value. Thus, the calculations exhibit a somewhat more rapid expansion 
than do the experimental data, although the upstream levels and that 
downstream past the immediate neighborhood of the junction agree quite 
well. It is possible that this discrepancy could be lessened by application 
of more recent experience in manipulating the HVSL solution parameters, 
step sizes, etc., for the computations in this neighborhood. 

13 
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F i g u r e  13 c o m p a r e s  pi tot  p r e s s u r e  p ro f i l e  da ta  c o m p u t e d  by the  
HVSL m e t h o d  with m e a s u r e m e n t s  m a d e  in the  l e e - s i d e  s y m m e t r y  p lane  
at the s a m e  t h r e e  l o c a t i o n s  as the s u r f a c e  p r e s s u r e  da ta  shown in Fig.  
12. T h e r e  is r e a s o n a b l y  good a g r e e m e n t  b e t w e e n  the  ca l cu l a t ed  and 
m e a s u r e d  data  at each  loca t ion .  The  i n d i c a t e d  shock  l o c a t i o n s  a r e  f r o m  
the  HVSL resu l t s . "  

4.0 SUMMARY AND CONCLUSIONS 

The c o m b i n a t i o n  of the  cone f r u s t u m  l a m i n a r  h y p e r s o n i c  v i s c o u s  
shock l a y e r  c a l cu l a t i on  m e t h o d  of Ref. 8 and the  m e t h o d s  d e v e l o p e d  
in th is  i n v e s t i g a t i o n  to g e n e r a t e  blunt  nose  s t a r t i n g  da ta  and to t r e a t  the  
b i con ic  junc t ion  have  b e e n  shown to y i e ld  a m e t h o d  which  is  app l i cab le  
to the  p r o b l e m  of compu t ing  the l a m i n a r  v i s c o u s  shock  l a y e r  o v e r  a 
blunt  b i con ic  at i n c i d e n c e  in a s u p e r s o n i c  or  h y p e r s o n i c  s t r e a m .  The  
a p p r o a c h  t aken  has b e e n  va l i da t ed  by the good a g r e e m e n t  shown b e t w e e n  
the r e s u l t s  of ca l cu l a t i ons  m a d e  by the  p r e s e n t  m e t h o d  and m e a s u r e d  
s u r f a c e  hea t ing  data ,  s u r f a c e  p r e s s u r e  data ,  and i m p a c t  p r e s s u r e  
p ro f i l e  data.  

Two i m p r o v e m e n t s  which  should  be m a d e  to the p r e s e n t  m e t h o d  a r e  
obvious .  F i r s t ,  a b e t t e r  t r e a t m e n t  of the  n o s e  cap flow for  low Reyno lds  
n u m b e r  s i t ua t i ons  should  be sought .  Second,  the HVSL m e t h o d  should  
be m o d i f i e d  to al low the  c o n s i d e r a t i o n  of a v a r i a b l e  wall  t e m p e r a t u r e  
d i s t r i b u t i o n .  

In add i t ion  to t h e s e  two i m p r o v e m e n t s ,  it is c u r r e n t l y  p lanned  to 
ex tend  the  HVSL m e t h o d  to al low the c o n s i d e r a t i o n  of f lows with t u r b u -  
l en t  boundary  l a y e r s .  
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Figure 7. Heat-transfer distributions on a blunt biconic in a Mach 10.23 flow. 
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~ T  HVSL 
Experimental 
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Figure 13. Blunt biconic lee~ide pitot pressure profiles. 
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NOMENCLATURE 

h 

h 
0 

h w 

H 

H® 

HVSL 

L 

M ~  

P 

P 
W 

P® 

Po' 

Pr 

W 

r 

r 
n 

Re®,  r 
n 

S 

St® 

H e a t - t r a n s f e r  coeff ic ient  

R e f e r e n c e  h e a t - t r a n s f e r  coeff ic ient  

Wall  s t a t i c  enthalpy 

Total  enthalpy 

F r e e - s t r e a m  total  enthalpy 

Hype r son i c  Viscous  Shock L a y e r  code (Ref. 8) 

Body axia l  l eng th  

F r e e - s t r e a m  Mach number  

Stat ic  p r e s s u r e  

Wall  s t a t i c  p r e s s u r e  

F r e e - s t r e a m  s t a t i c  p r e s s u r e  

Pi tot  p r e s s u r e  

P rand t l  number  

Wall  h e a t - t r a n s f e r  r a t e  

Radius about axis  of s y m m e t r y  

Spher ica l  nose r ad ius  

F r e e - s t r e a m  Reynolds  number  based  on nose r ad ius  

Surface  d i s t ance  

Stanton number  based  on f r e e - s t r e a m  condi t ions ,  
St® = qw 

p®U~(H® -h ) 
W 
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U 

U® 

V 

X 

Y 

Ysh 

Z 

~f 

0 
C 

01 

O 2 

K 

0 

P® 

x c o m p o n e n t  of v e l o c i t y  

F r e e -  s t r e a m  v e l o c i t y  

y c o m p o n e n t  of v e l o c i t y  

C o o r d i n a t e  a long  body s u r f a c e  

S u r f a c e  d i s t a n c e  f r o m  v i r t u a l  apex  of s p h e r e  cone  

C o o r d i n a t e  n o r m a l  to body s u r f a c e  

Value  of y at shock  wave  

Axial  d i s t a n c e  f r o m  nose  of body 

Angle  of a t t ack  

Ra t io  of s p e c i f i c  h e a t s  

Cone f r u s t u m  h a l f - a n g l e  

F o r e -  cone  half  - ang le  

Aft - cone ha l f -  angle  

Long i tud ina l  c u r v a t u r e  

V i s c o s i t y  

Mass  d e n s i t y  

F r e e - s t r e a m  m a s s  d e n s i t y  

A n g u l a r  pos i t i on  a r o u n d  body f r o m  wind s ide  
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